Using (2 + 1)-flavor lattice QCD, we compute the 10 form factors describing the Λ b → Λ matrix elements of the b → s vector, axial vector, and tensor currents. The calculation is based on gauge field ensembles generated by the RBC and UKQCD Collaborations with a domain-wall action for the u, d, and s quarks and the Iwasaki gauge action. The b quark is implemented using an anisotropic clover action, tuned nonperturbatively to the physical point, and the currents are renormalized with a mostly nonperturbative method. We perform simultaneous chiral, continuum, and kinematic extrapolations of the form factors through modified z expansions. Using our form factor results, we obtain precise predictions for the Λ b → Λ(→ p + π − ) µ + µ − differential branching fraction and angular observables in the Standard Model.
. However, with the exception of R K , the decay observables are strongly affected by hadronic physics, and it is important to carefully examine all sources of the theory uncertainties. The hadronic contributions include local matrix elements of the b → s tensor, vector, and axial vector currents from the operators O 7,9,10 in the effective Hamiltonian, as well as nonlocal matrix elements of products of the operators O 1-6;8 with the quark electromagnetic current. The local hadronic matrix elements are expressed in terms of form factors, and can be calculated directly using lattice QCD [15] [16] [17] [18] . The treatment of the nonlocal hadronic matrix elements is significantly more challenging, and is usually based on an operator product expansion at high q 2 [19, 20] , and QCD factorization [21] combined with light-cone sum rules [22, 23] at low q 2 . A particular problem is that the contributions from O 1 and O 2 are enhanced by a multitude of charmonium resonances, with unexpectedly large deviations from naive factorization [24] , and can mimic a shift in C 9 . To distinguish an apparent shift in C 9 caused by uncontrolled charm contributions from a shift due to new physics, one can study its q 2 -dependence [25] and compare the effects seen in multiple different decay modes.
The baryonic decay mode Λ b → Λ(→ p π) + − [26] [27] [28] can shed new light on these puzzles. Similarly to B → K * (→ K π) + − , this decay provides a wealth of angular observables that can be used to disentangle the contributions from individual operators in the b → s + − effective Hamiltonian [29, 30] (see also Refs. [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] ). The theoretical description of Λ b → Λ(→ p π) + − is cleaner than that of B → K * (→ K π) + − because the Λ is stable under the strong interactions. The Λ b → Λ form factors are thus "gold-plated" quantities for lattice QCD that can be calculated to high precision using standard methods. In contrast, a rigorous analysis of B → K * (→ K π) + − would require the computation of B → Kπ matrix elements; lattice methods for 1 → 2 transition form factors have recently been developed [45] [46] [47] , but numerical results for B → Kπ are not yet available. Besides these simplifications in terms of the hadronic physics, the angular distribution of the decay Λ b → Λ(→ p π) + − is sensitive to new combinations of Wilson coefficients that do not appear in B → K * (→ K π) + − ; this is a consequence of parity violation in the secondary weak decay Λ → p π [30] . A further difference compared to the B decays is the nonzero spin of the initial hadron. While the Λ b polarization at LHCb was found to be small and consistent with zero [48] , in principle, decays of polarized Λ b baryons give access to even more observables (taking into account the Λ b polarization direction, the decay distribution of Λ b → Λ(→ p π) + − depends on five angles [49] ). Finally, just like the mesonic b → s + − decays, the baryonic mode Λ b → Λ(→ p π) + − is affected by charmonium resonances, which may contribute here with different phases, providing a new handle on this difficult issue.
Given all of these motivations, there is clearly a need for precise determinations of the Λ b → Λ form factors. These form factors have been studied using continuum-based methods in Refs. [29, 34, 39, 41, 43, [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] . In Ref. [15] , we published a first lattice QCD calculation of the Λ b → Λ form factors, where the b quark was treated at leading order in heavy-quark effective theory to simplify the analysis. In the following, we present a new lattice QCD calculation in which we do not make this approximation (early progress was shown in Ref. [63] ). Using a relativistic heavy-quark action [64] [65] [66] [67] [68] , we now work directly at the physical b quark mass and compute all 10 QCD form factors describing the Λ b → Λ matrix elements of the b → s vector, axial vector, and tensor currents. The methods closely follow Ref. [69] , where we computed the Λ b → p and Λ b → Λ c form factors that were used in Ref. [70] to determine the ratio |V ub /V cb | from the decays Λ b → p µ −ν µ and Λ b → Λ c µ −ν µ at the LHC. Our lattice calculations utilize a domain-wall action [71] [72] [73] for the u, d, and s quarks, and are based on gauge field ensembles generated by the RBC and UKQCD Collaborations [74] .
We proceed by summarizing the relevant definitions of the Λ b → Λ form factors in Sec. II, before presenting our computation of the form factors on the lattice in Sec. III. We discuss the fits of the form factors using the modified z expansion and the estimates of systematic uncertainties in Sec. IV. Our predictions for the Λ b → Λ(→ p π)µ + µ − differential branching fraction and angular observables are given in Sec. V.
II. DEFINITIONS OF THE FORM FACTORS
In this work, we mainly use the helicity-based definition of the form factors from Ref. [59] , which is given by
Λ(p , s )|s iσ µν q ν γ 5 b|Λ b (p,
The helicity form factors describe the contractions of the matrix elements with virtual polarization vectors that are given explicitly in Ref. [30] (note that Ref. [30] uses different labels for the form factors, which are related to the notation of Ref. [59] adopted here as follows:
The helicity form factors satisfy the endpoint relations
where
As in Ref. [69] , in some parts of our data analysis we simultaneously work with an alternative basis that decomposes the matrix elements into form factors of the first and second class according to Weinberg's classification [75] , and is given by [29] Λ(p , s )|s
III. LATTICE CALCULATION
The lattice calculation was performed using the same actions, parameters, and analysis methods as in Ref. [69] , with a few modifications to accommodate the Λ final state and the tensor currents as explained in the following. The strange quark was implemented using the same domain-wall action as the up and down quarks, with masses given in Table I . We used the interpolating field
for the Λ baryon, with smearing parameters (σ, n S ) = (4. 35, 30) for all three quark fields [69, 76] . The renormalized, O(a)-improved b → s vector and axial vector currents are defined as in Eqs. (18)- (21) of Ref. [69] , with matching were used in the computation of the propagators.
The resulting pion and ηs masses are denoted as m ηs . The ηs is an artificial pseudoscalar ss meson that is obtained by treating the s ands as different, but mass-degenerate flavors. We use this state as an intermediate quantity to tune the strange-quark mass [79] ; the ηs mass at the physical point has been computed precisely by the HPQCD collaboration and is m (phys) ηs = 689.3(1.2) MeV [80] . The values of the lattice spacing, a, were taken from Ref. [81] . The parameters of the anisotropic clover action used for the bottom quark can be found in Ref. [68] .
coefficients equal to those for b → u (see Table III of Ref. [69] ). For the tensor current, we also use the mostly nonperturbative renormalization method introduced in Refs. [77, 78] , but we set the residual matching factors and O(a)-improvement coefficients to their mean-field-improved tree-level values (because one-loop results were not available). That is, we write the tensor current as
with
as given in Table IV of Ref. [69] , and with d 1 = 0.0740 for the coarse lattice spacing and d 1 = 0.0718 for the fine lattice spacing (for d 1 , we use the averages of the values computed with u 0 from either the Landau-gauge mean link or the plaquette). As discussed in Secs. IV and V, this approximation introduces a systematic uncertainty of approximately 5% in the tensor form factors, which however has negligible impact on the Λ b → Λ(→ p π)µ + µ − observables. The extraction of the form factors from ratios of three-point and two-point functions is performed as in Ref. [69] . In addition to the ratios R V,A +, ⊥, 0 (p , t, t ) for the vector and axial vector currents, given in Eqs. (46)- (48) of Ref. [69] , we now define
where the current iT µν q ν is used in the three-point functions, as well as the ratios R T A +, ⊥ (p , t, t ) with the replacement σ µν → σ µν γ 5 in the current. Here, p is the spatial momentum of the Λ baryon, t is the source-sink separation, and t is the time at which the current is inserted in the three-point function [69] . We average the data at fixed |p | over the directions of p , and denote the direction-averaged ratios by R
(|p |, t, t ). As in Ref. [69] , we generated data for all source-sink separations in the range t/a = 4...15 (C14, C24, C54, C53 data sets), t/a = 5...15 (F23, F43 data sets), and t/a = 5...17 (F63 data set). Examples of numerical results for R
(|p |, t, t ) from the C24 data set are shown in Fig. 1 . We then evaluate these ratios at the midpoint t = t/2 (or, in the case of odd t/a, average over t = (t − a)/2 and t = (t + a)/2), and compute the quantities R f+ (|p |, t),
, which are defined as in Eqs. (52) , (53) , (54) , (58) , (59) , (60) of Ref. [69] , and
These quantities are equal to the desired helicity form factors at the given momentum and lattice parameters, up to excited-state contamination that decays exponentially with the source-sink separation, t. Here, we use bootstrap samples for the lattice baryon masses, am Λ b and am Λ , from fits to the two-point functions of the individual data sets (see Table II ), and compute the energies aE Λ at nonzero momentum using the relativistic continuum dispersion relation. Following Ref. [69] , we also constructed the linear combinations of the above quantities that yield the Weinberg form factors by inverting Eqs. (13)- (22) , for example
Denoting the data by R f,i,n (t), where f labels the helicity and Weinberg form factors, i = C14, C24, ... labels the data set, and n labels the Λ-momentum via |p | 2 = n (2π) 2 /L 2 , we then performed fits using the functions
with parameters f i,n , A f,i,n , and l f,i,n . Here f i,n are the ground-state form factors we aim to extract, and the term with the exponential t-dependence describes the leading excited-state contamination. Writing the energy gaps δ f,i,n in the above form imposes the constraint δ f,i,n > δ min , where we set δ min = 170 MeV [69] . This constraint has negligible effect in most cases, but prevents numerical instabilities for some form factors at certain momenta where the data show no discernible t-dependence. At each momentum n, we performed one coupled fit to the data for all the vector form factors (f +, ⊥, 0 , f V 1, 2, 3 ), one coupled fit to the data for all the axial vector form factors (g +, ⊥, 0 , f A 1, 2, 3 ), one coupled fit to the data for all the "tensor-vector" form factors (h +, ⊥ , f T V 1, 2 ), and one coupled fit for all the "tensor-axial-vector" form factors ( h +, ⊥ , f T A 1, 2 ). As discussed in detail in Ref. [69] , in these coupled fits we impose the constraint that the form factor parameters f i,n satisfy the relations (13)- (22), and we include Gaussian priors that limit the variation of the energy gap parameters between the different data sets to reasonable ranges (we generalize Eq. (71) of Ref. [69] to also include strange-quark mass dependence by writing [σ
2 , with w m = 4 GeV −2 as before). Examples of these fits are shown in Fig. 2 . Following Ref. [69] , we estimated the systematic uncertainties resulting from neglected higher excited states by computing the shifts in f i,n when removing the points with the smallest values of t from the fits, and added these uncertainties in quadrature to the statistical uncertainties. Tables of the extracted lattice form factors are given in Appendix A. 
IV. CHIRAL/CONTINUUM/KINEMATIC EXTRAPOLATION OF THE FORM FACTORS
To obtain parametrizations of the Λ b → Λ helicity form factors in the physical limit a = 0, m π = m π,phys , m ηs = m ηs,phys (see the caption of Table I ), we performed global fits of the lattice data using the simplified z expansion [82] , augmented with additional terms that allow for quark-mass and lattice-spacing dependence. In this approach, the q 2 -dependence is described by a Taylor expansion in the variable
Here, t 0 determines the value of q 2 that is mapped to z = 0; we set
Values of q 2 greater than t + will be mapped onto the unit circle in the complex z plane. We set t + equal to the onset location of the branch cut associated with the B K threshold,
Note that B s π intermediate states are forbidden by isospin symmetry, which is exact in our calculation. The threeparticle B s π π threshold also lies slightly below the B K threshold and is not forbidden by isospin symmetry, but its contributions to dispersive bounds on the z-expansion coefficients are expected to be highly suppressed [83] . Before expanding the form factors in a series in z, we factor out the poles associated with the lowest relevant B s states; their masses are given in Table III . We find that the lattice data are well described by a fit to first order in z using the functions
for the form factors g ⊥ , g + and h ⊥ , h + , respectively. The constraints (5) and (6) at q 2 = 0 are included using Gaussian priors with widths equal to z(0) 2 to allow for the missing higher-order terms in the z expansion. We refer to the fit using Eq. (36) as the "nominal" fit. In the physical limit a = 0, m π = m π,phys , m ηs = m ηs,phys , these functions reduce to the simple form
The values and uncertainties of the parameters a f 0 and a f 1 from the nominal fit are given in Table IV ; their correlation matrix is given in Tables IX and X. Plots of the lattice data along with the nominal fit functions evaluated in the physical limit are shown in Figs. 3, 4, and 5.
As in Ref. [69] , we estimate systematic uncertainties in the extrapolated form factors from the changes in the values and increases in the uncertainties when redoing the fit with added higher-order terms. Here we use the following functions for the higher-order fit:
Unlike in Ref. [69] , here we do not include terms corresponding to discretization errors proportional to odd powers of p , as such terms cannot contribute to the ratios used to extract the form factors because of O h symmetry (we thank Urs Heller for pointing this out). Because the data themselves do not determine the more complex form (39) sufficiently well, we constrain the higher-order coefficients to be natural-sized using Gaussian priors with the following central values and widths:
Here, Eq. (40) means that we set the widths of a f 2 equal to two times the fit results for a f 1 from the nominal fit. In the higher-order fit, we impose the constraints (5) and (6) at q 2 = 0 with widths equal to |z(0)| 3 . The factors of 1/3 n for the prior widths of the coefficients of discretization-error terms proportional to |p | n are motivated by the physical picture that the quarks/gluons in the Λ baryon on average carry only some fraction of the momentum p , estimated to be of order 1/3.
In the higher-order fit, we simultaneously made the following modifications to account for additional sources of systematic uncertainty:
• For the vector and axial vector form factors, in which the residual matching factors in the mostly nonperturbative renormalization procedure and the O(a)-improvement coefficients were computed at one loop, we use bootstrap data for the correlator ratios in which these coefficients were drawn from Gaussian random distributions with central values and widths according to Table III of Ref. [69] .
• For the tensor form factors, the renormalization uncertainty is dominated by the use of the tree-level values, ρ T µν = 1, for the residual matching factors in the mostly nonperturbative renormalization procedure. We estimate the systematic uncertainty in ρ T µν to be equal to 2 times the maximum value of
which is equal to 0.05316 [69] . This estimate is larger than one-loop results for |ρ T µν − 1| obtained in Ref. [18] for the case of staggered light quarks at comparable lattice spacings. Note that ρ T µν for the tensor current is scale-dependent, and our estimate of the matching uncertainty (and the values of the form factors themselves) should be interpreted as corresponding to µ = 4.2 GeV. To incorporate the tensor-current matching uncertainty in the fit, we introduced nuisance parameters multiplying the tensor form factors, with Gaussian priors equal to 1 ± 0.05316.
• To propagate the uncertainties in the lattice spacings, lattice pion masses, and lattice η s masses, we promoted these precisely determined quantities to parameters in the fit, with Gaussian priors chosen according to their respective central values and uncertainties.
• We estimate the systematic uncertainties in the form factors resulting from the neglected d − u quark-mass difference and QED to be of order O((m d − m u )/Λ QCD ) ≈ 0.5% and O(α e.m. ) ≈ 0.7%. The systematic uncertainty in the Λ b → Λ form factors due to finite-volume effects is expected to be larger than for Λ b → Λ c (estimated to be 1.5% in Ref. [69] ) but smaller than for Λ b → p (estimated to be 3% in Ref. [69] ), so we take this uncertainty to be 2% here. The systematic uncertainty resulting from the tuning of the relativistic heavy-quark (RHQ) action for the b quark is estimated to be 1% as in Ref. [69] , based on the analysis of B → π form factors using the same b-quark action and parameters in Ref. [68] . To incorporate all of these sources of uncertainties in the higher-order fit, we added them to the data correlation matrix used in the fit, treating them as 100% correlated within each of the following groups of form factors:
, and ( h + , h ⊥ ).
In the physical limit a = 0, m π = m π,phys , m ηs = m ηs,phys , the higher-order fit functions reduce to
The values and uncertainties of the parameters a f 0 , a f 1 , and a f 2 from the higher-order fit are given in Table V ; their correlation matrix is given in Tables XI and XII. As in Ref. [69] , the recommended procedure for computing the central value, statistical uncertainty, and total systematic uncertainty of any observable depending on the form factors is the following:
1. Compute the observable and its uncertainty using the nominal form factors given by Eq. (38) 
3. The central value, statistical uncertainty, and systematic uncertainty of the observable are then given by
To obtain the total uncertainty, the statistical and systematic uncertainties should be added in quadrature,
More generally, the total covariance between two observables O 1 and O 2 can be computed as 1.1490 ± 1.0327 a
1.1606 ± 1.0757
0.3256 ± 0.0248
2.7106 ± 1.0665 a Plots of the form factors including the total uncertainties are given in Fig. 7 . Additionally, Fig. 7 shows estimates of the individual sources of the systematic uncertainties in the form factors, obtained by performing additional fits where each one of the above modifications to the fit functions or data correlation matrix was done individually. We stress that these plots are for illustration only, and the correct procedure for obtaining the total systematic uncertainty in a correlated way is from the full higher-order fit, in which all modifications were done simultaneously. 
FIG. 7. Systematic uncertainties in the form factors in the high-q 2 region. As explained in the main text and in Ref. [69] , the combined uncertainty is not simply the quadratic sum of the individual uncertainties.
The four-fold differential rate of the decay Λ b → Λ(→ p + π − ) + − with unpolarized Λ b can be written as [29, 30] 
where the angles θ l and θ Λ describe the polar directions of the negatively charged lepton and the proton, respectively, φ is the azimuthal angle between the + − and p + π − decay planes, and the coefficients K i are functions of q 2 . The integral of Eq. (57) over the angles gives the q 2 -differential decay rate,
We also define the normalized angular observablesK
of which the combinations
correspond to the fraction of longitudinally polarized dileptons, the lepton-side forward-backward asymmetry, the hadron-side forward-backward asymmetry, and a combined lepton-hadron forward-backward asymmetry [30] .
In the approximation where all nonlocal hadronic matrix elements are absorbed via the "effective Wilson coefficients" C eff 7 (q 2 ) and C eff 9 (q 2 ), the hadronic contributions to the functions K i are given by the Λ b → Λ form factors computed here and the Λ → p + π − decay asymmetry parameter, which is known from experiment to be [84] α Λ = 0.642 ± 0.013.
The expressions for K i in this approximation are given in Ref. [30] for the case m = 0, and can be obtained for m = 0 from Eqs. (A1) and (A2) of Ref. [29] . In the following we focus on the case = µ, which is the most accessible mode at hadron colliders [26] [27] [28] . Even though lepton-mass effects are not important for = µ in most of the kinematic range, we include them here. Following Ref.
[8], we set the effective Wilson coefficients to
1,c (q
C eff 9 (q 2 ) = C 9 + 4 3 C 3 + 64 9 C 5 + 64 27
2,c (q
where the functions h(m q , q 2 ) and F (7,9) 8 (q 2 ) are defined in Eqs. (11), (82), (83) of Ref. [21] , and the functions F (7,9) 1,c (q 2 ) and F (7,9) 2,c (q 2 ) are evaluated using the Mathematica packages for high q 2 and low q 2 provided in Ref. [86] µ (the low-q 2 versions are based on Ref. [87] ). The effective Wilson coefficients C eff 7 (q 2 ) and C eff 9 (q 2 ) incorporate the leading contributions from an operator product expansion (OPE) of the nonlocal product of O 1,...,6;8 with the quark electromagnetic current [19, 20] . Unlike in Ref. [19] , we have not expanded the functions h(m c , q
2 ) and F Nonfactorizable spectatorscattering effects that are expected to be relevant at low q 2 [21, 62] have not yet been derived for the baryonic decay, and we neglect them here.
We evaluated the Wilson coefficients C 1 -C 10 in the MS scheme at next-to-next-to-leading-logarithmic order [88] [89] [90] [91] using the EOS software [92, 93] ; their values are listed in Table VI . The charm and bottom masses appearing in the functions h(m q , q 2 ), F (7,9) 1,c (q 2 ), and F (which multiplies the operator O 7 ), α s , and α e are given in Table VI 
The binned observables are also listed numerically in Table VII , including two additional wider bins at low and high q 2 . The observablesK 3s andK 3sc are negligibly small in the Standard Model and are not shown here. The uncertainties given for the Standard-Model predictions are the total uncertainties, which include the statistical and systematic uncertainties from the form factors (propagated to the observables using the procedure explained in Sec. IV), the perturbative uncertainties, an estimate of quark-hadron duality violations (discussed further below), and the parametric uncertainties from Eqs. (64), (69) , and (70) . For all observables considered here (but not forK 3s andK 3sc ), the uncertainties associated with the subleading contributions from the OPE (at high q 2 ) are negligible compared to the other uncertainties. The central values of the observables were computed at the renormalization scale µ = 4.2 GeV; to estimate the perturbative uncertainties, we varied the renormalization scale from µ = 2.1 GeV to µ = 8.4 GeV. When doing this scale variation, we also included the renormalization-group running of the tensor form factors from the nominal scale µ 0 = 4.2 GeV to the scale µ, by multiplying these form factors with
T /(2β0) (72) (as in Ref. [8]), where γ (0) T = 2 C F = 8/3 is the anomalous dimension of the tensor current [97] , and β 0 = (11 N c − 2 N f )/3 = 23/3 is the leading-order QCD beta function [98] for 5 active flavors. Even though we did not perform a one-loop calculation of the residual lattice-to-continuum matching factors for the tensor currents, our estimates of the renormalization uncertainties in the tensor form factors as discussed in Sec. IV are specific for µ = 4.2 GeV, and doing the RG running avoids a double-counting of these uncertainties. Note that the contributions of the tensor form factors to the observables are proportional to 1/q 2 (because of the photon propagator connecting O 7 to the lepton current), and are suppressed relative to those from the vector and axial vector form factors at high q 2 . At low q 2 , the other uncertainties (statistical uncertainties, z-expansion uncertainties, etc.) in the tensor form factors dominate over the uncertainties from the matching factors.
The functions C eff 7 (q 2 ) and C eff 9 (q 2 ) have been computed in perturbation theory and do not correctly describe the local q 2 -dependence resulting from charmonium resonances [24] . The q 2 -region near q 2 = m 2 J/ψ and q 2 = m 2 ψ resonances is excluded for this reason. In the high-q 2 region, which is affected by multiple broad charmonium resonances [24] , it is has been argued using quark-hadron duality that these functions correctly describe the charm effects to some extent for observables binned over a wide enough range [20] . The duality violations in the B → K + − decay rate integrated over the high-q 2 region have been estimated in Ref. [20] to be of order 2%. We instead include an overall 5% uncertainty on both C eff 7 (q 2 ) and C eff 9 (q 2 ) to account for these effects, which increases the uncertainty in the Λ b → Λ + − decay rate at high q 2 by approximately 5%. We use the same 5% uncertainty on C eff 7 (q 2 ) and C eff 9 (q 2 ) at low q 2 , even though there is no good theoretical basis for it. We are unable to estimate the uncertainties resulting from the neglected spectator-scattering effects at low q 2 , but it is likely that these uncertainties are smaller than the large form factor uncertainties in that region, at least for the differential branching fraction.
In our calculation of the Λ b → Λ(→ p + π − )µ + µ − angular observables, we have treated the Λ b 's as unpolarized. The polarization vector of Λ b baryons produced through the strong interaction is expected to be perpendicular to the production plane spanned by the Λ b momentum and the beam direction, as a consequence of parity conservation [99] . Taking into account this polarization direction, the Λ b → Λ(→ p + π − )µ + µ − angular distribution then becomes dependent on five angles [49] , as illustrated in Fig. 1 of Ref. [48] for the similar decay
. For a particle detector with isotropic acceptance, the polarization effects will average out if the additional angles are not reconstructed. This is not the case for the asymmetric LHCb detector [100] , but the polarization parameter for Λ b baryons produced at the LHC was measured to be small and consistent with zero, P b = 0.06 ± 0.07 ± 0.02 (at √ s = 7 TeV) [48] . The resulting effects are therefore expected to be small. Because the polarization effects depend on the details of the detector and on the experimental analysis, their study is beyond the scope of the present work.
VI. DISCUSSION
The baryonic decay , where we treated the b quark in the static limit, this work significantly reduces the theoretical uncertainties in the form factors and hence in phenomenological applications. As in Ref. [69] , we provide the form factors in terms of two sets of z-expansion parameters. The "nominal" parameters and their correlation matrix are given in Tables IV, IX , X, and are used to compute the central values and statistical uncertainties. The "higher-order" parameters and their correlation matrix are given in Tables V, XI , XII, and are used in combination with the nominal parameters to compute the systematic uncertainties in a fully correlated way. Data files containing all form factor parameters and their covariance matrices are also available as supplemental material. Plots of the form factors with error bands indicating the total uncertainties are shown in Fig. 6 . Our results for all ten form factors are consistent with those of the recent QCD light-cone sum-rule calculation [62] , and our uncertainties are much smaller in most of the kinematic range. [15, 20] 0.756 ± 0.070 1.20 ± 0.27 FL [15, 20] 0.409 ± 0.013 0.61 + 0.11 − 0.14 A FB [15, 20] −0.350 ± 0.013 −0.05 ± 0.09 A Λ FB [15, 20] −0.2710 ± 0.0092 −0.29 ± 0.08 In this bin, the magnitude of the lepton-side forward-backward asymmetry measured by LHCb is smaller than the theoretical value by 3.3σ. The measured differential branching fraction exceeds the theoretical value by 1.6σ.
Standard-Model predictions for the Λ
While the latter deviation is not yet statistically significant, it is in the opposite direction to what has been observed for the decays B → K ( * ) µ + µ − and B s → φµ + µ − [5-11]. A negative shift in the Wilson coefficient C 9 alone, the simplest scenario that significantly improves the agreement between theory and experiment in global fits of mesonic observables [2, 13, 14] , would further lower the predicted Λ b → Λ µ + µ − differential branching fraction. It is possible that the tensions are caused by the broad charmonium resonances in this kinematic region [24] , which may contribute to the baryonic decay rate with the opposite sign. This would correspond to duality violations in the operator product expansion used here to treat the nonlocal matrix elements of O 1 and O 2 that are much larger than estimated previously [20] . More precise experimental results, including for the branching ratio of the normalization mode Λ b → J/ψ Λ, would be very useful in clarifying this aspect of the results.
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